In this paper, a new isatin-Schiff base L1 was prepared via a simple reaction of isatin with 2-amino-3-hydroxypyridin. Subsequently, cerium(III)-Schiff base complex C1 was obtained through the reaction of the prepared Schiff base L1 with cerium chloride via a hydrothermal method. The prepared L1, as well as C1, were fully characterized using many spectroscopic techniques, such as mass spectra, elemental analysis, UV-vis, FT-IR, 1 H-NMR, 13 C-NMR, FE-SEM/EDX, and HR-TEM. A photoluminescence study (PL) was carried out for the prepared complex C1. The promising photoluminescence results revealed that C1 could be used for the detection of creatinine in different human biological samples as a selective optical biosensor. The results showed that C1 after excitation at 370 nm has a strong emission band at 560 nm.
Introduction
Cerium complexes have a wide range of applications in miscellaneous elds because of their signicant electromagnetic properties.
1 These complexes have an excessive inuence in the elds of optics, physics, and engineering.
1 They can be used as electroluminescence devices 2 and bio-makers, 3 they are imperative for the fabrication of optical waveguides 4 and metamaterials, and they possess numerous applications, such as in antenna, 5 photo-detection, 6 light-emitting diodes, laser diodes and cloaking devices. 7, 8 Organic Ce(III) complexes are recognized to emit in the UV to green region, between 300 and 550 nm, with their emission wavelength being tunable through selection of appropriate ligands. 8, 9 Beneted by such tunability, the above complexes can be used as light sources. This is a protuberant characteristic of Ce(III) complexes in contrast to conservative complexes of lanthanides, such as Eu(III) and Tb(III), which emit in the green and orange region, correspondingly, due to their 4f-4f transitions.
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Compared to complexes of lanthanides that display a 4f-4f transition, 10 the spin allowed 4f-5d transitions in the Ce(III) complexes are predicted to result in enormous emission quantum yields (F em ), as well as a short emission lifetime (s em ). Also, if the complexes with 4f-4f transitions work as an emitter, a suitable ligand structure must be selected. In practice, the modication of the structures of the ligands, such as the substitution of C-H bonds with C-D and C-F bonds, can be carried out to gain great F em values. 11 In contrast, Ce(III) complexes are approximately free from such limitations in the selection of ligands. One of the small restrictions of these species is that the coordination of solvents with hydroxyl-functionalities to Ce(III) may modify the structure of the complex, which should be avoided.
Creatine (2-amino-1-methyl-5H-imidazol-4-one) 19 is metabolized into creatinine in tissues and organs, and adenosine triphosphate is known to take part in this conversion. Before this step, creatine is synthesized mainly in the pancreas, liver, and kidneys. 20 Creatinine is a chemical waste product of normal muscle function in the blood that passes through the kidneys to be puried and removed in the urine. The levels of creatinine in the blood reect both the amount of muscle a person has and their amount of kidney function. 21 Around 95% of the creatine in the human body is stored in skeletal muscle and 5% is in the brain, so it is a source of energy for muscle activity and the brain. 22 Most men with normal kidney function have approximately 60 to 110 mM of creatinine and women with normal kidney function have between 45 and 90 mM of creatinine. Serum creatinine allows us to dictate the glomerular ltration rate (GFR). 23 Creatinine clearance (Ccr) measures how well the kidneys lter waste and can be determined aer evaluating serum creatinine and calculating GFR.
The most popular methods used for the analysis of creatinine are based on colorimetry or enzymatic colorimetric methods by Jaffé's reaction, 24 Herein, we report a Ce-complex C1, which was constructed from the reaction of Schiff base L1 and cerium chloride by a hydrothermal method. Schiff base L1 is prepared via the reaction of isatin with 2-amino-3-hydroxypyridin by a simple method. This complex shows strong emission at room temperature aer excitation at 370 nm. Its emission is efficiently quenched by the addition of creatinine in the presence of other different interfering analytes. The molecular structures of L1 and C1 were theoretically studied using DFT calculations. These nal data indicate that C1 can be used as an outstanding optical biosensor for simple, fast, low-cost and highly specic and selective detection of creatinine.
Results and discussion

Characterization of Schiff base L1 and Ce(III)-complex C1
The Schiff base ligand L1 and Ce(III) complex C1 were prepared easily in two systems according to Scheme 1. Both L1 and C1 are highly colored compounds, soluble in DMSO and DMF, nonhygroscopic in nature and stable in air. The most essential physical data for the prepared compounds are provided in Table  1 .
Elemental analysis
The elemental analysis of both L1 and C1 is presented in 
FT-IR spectra
The most signicant frequencies of both L1 and C1 in the FT-IR spectra are presented in Fig. S1 (ESI †) and Table 1 . Both spectra were in adequate agreement. L1 exhibits a broad absorption band in the range from 3640-3300 cm À1 , which can be assigned to the n(OH) of the alcohol. The band at 3120 cm À1 is attributed to the n(NH) vibrations of the ring of indole. The broadband between 1754 and 2010 cm À1 centered at 1900 cm À1 can be attributed to aromatic sp 2 C-H bending patterns. The two bands at 1618 and 1704 cm À1 can be attributed to n(C]O) of the isatin moiety and n(C]N), correspondingly. The band detected at 1390 cm À1 is due to n(C-N) groups. The bands at 1457 and 2930 cm À1 are assigned to n(C]C) groups and n(]C-H) groups, respectively. 32 On the other hand, the FT-IR spectrum of C1 indicates the bonding association of the ligand with the metal ion. In contrast to the spectrum of the free ligand L1, in that of C1, we observed that there is a signicant shi for the n(OH), n(NH), n(C]N) and n(C-N) vibrations. Meanwhile, the n(C]O) and n(C]C) vibrations stay more or less in the same place, which indicates that (C]C) does not contribute to coordination with the metal ion. Therefore, L1 acts as a neutral bidentate coordination site via n(OH), (C-N), (C]O) and azomethine nitrogen (C]N) atoms. This observation is additionally supported by new bands that were found in the 665 and 527 cm À1 regions assigned to n(Ce-O) and n(Ce-N), respectively.
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UV-vis spectra
The electronic absorption spectra of the ligand and its metal complex observed in DMF at room temperature are provided in Fig. S2 (ESI †). From this gure, it can be established that L1 reveals three absorption bands at 365, 449, and 642 nm, which were assigned to intra ligand charge transfer (n-p* and p-p*). Meanwhile, C1 reveals four absorption bands at 357, 400, 532, and 630 nm, which were assigned to ligand-metal charge transfer transitions (LMCT) and intra-ligand charge transfers (n-p* and p-p*). 34 1 H-NMR spectra 
Mass spectra
The electron impact mass spectra of L1 and C1 were recorded and investigated at 70 eV of electron energy. . Generally, the subsequent fragmentations of both L1 and C1 were inconsistent and fully agree with the molecular weight of the offered structures.
FE-SEM/EDX
The FE-SEM images and EDX analysis of L1 and C1 are shown in appeared to exhibit a macrospore shape with an average pore size of 75 nm. In addition, the EDX mapping of L1 and C1 is shown in Fig. 1c and f, respectively. The EDX mapping showed the presence of carbon, nitrogen, and oxygen as the constructing block elements in L1, and cerium, carbon, nitrogen, chlorine, and oxygen as the constructing block elements in the distinctive particles for C1. Based on the benecial results obtained and the good L1 and C1 distribution noticed from the SEM images, as well as the results obtained from the EDX analysis, the formation of C1 was conrmed. Additionally, the EDX mapping conrmed our explanations and these results matched with those gained by elemental analysis and with those calculated theoretically for L1; C, 65.27; N, 17 (Table S2 ; ESI †).
TEM
Transmission electron microscope (TEM) images for L1 and C1 are presented in Fig. 2a and b, respectively. The morphology of the ligand L1 shown in Fig. 2a was distributed overlapping sheets, while the morphology of Ce-complex C1 shown in Fig. 2b was a well-overlapping macrospore shape. The data obtained from the TEM pattern were fairly comparable and in good correspondence with the data obtained from FE-SEM.
Based on the physical and spectral information of L1 and C1 discussed, we can assume that the structures of L1 and C1 are as suggested in Fig. 3a and b, respectively. Some representative bond distances of the optimized structures are provided in Table S3 (ESI †). In addition, the cartesian coordinates of the optimized structures are provided in Tables S4 and S5 (ESI †) .
Theoretical and computational methods
Geometry optimizations and other DFT calculations were performed on the Schiff base L1 and its cerium(III) complex C1. DFT is considered a cost-effective method to approximate electron correlation effects. All DFT calculations were performed by using the B3LYP level of theory, Becke's three parameter (B3) nonlocal exchange with the correlation functional of Lee, Yang, and Parr (LYP). 36 Nowadays, the B3LYP level is currently widely used to study organic electronic compounds because the predicted geometries are very reliable and provide good estimations for the HOMO-LUMO gaps, in good agreement with experimental values. All of the calculations were carried out at the B3LYP/6-31g(d) level for all atoms, except Ce atoms were described by using the CEP-4g basis set. 37 All computations were carried out by using the Gaussian09 suite of programs. 38 The Gauss View 5.0 package was used to obtain various graphic views of molecular shapes of distinctive molecular orbitals.
DFT calculations
The major elements of augmented geometry of the Ce(III) complex seem to have an octahedral geometry, Fig. 3b . The highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) are actual substantial elements of the theoretical molecular sketch.
39 Fig. 4 represents the HOMO and LUMO of L1 and C1; the HOMO is the donor site for the electrons and the LUMO is the acceptor site of the electrons. The molecular soness and hardness of any compound can be expected from the gap between the HOMO and LUMO. 40 So molecules have a small energy gap (E g ), whereas hard molecules have enormous (E g ) values. From the calculations of E g , C1 was found to be more reactive than L1. The charge separation (polarity) over the molecule, which is calculated from the dipole moment (m), illustrates that the m of C1 is higher than the m of L1 (m C1 > m L1 ). Moreover, it was noticed that there is a transfer of charge density from L1 atoms to the metal ion (Ce). In addition, there is a backdonation of electrons from the cerium ion to the Schiff base donating atoms aer the complexation process. The greater reactivity of C1 over L1 is described by the difference in E g , which determines the reactivity; as the E g increases, the reactivity decreases and hence the quantity of electronic charge transfer from L1 to C1 (central cerium metal ion) increases. The E HOMO , E LUMO , E g , and m of L1 and C1 are recorded in Table 2 .
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Photoluminescence study and applications
The photoluminescence of Ce-complex C1 was reported at different wavelengths of excitation as revealed in Fig. 5a . To establish the optimal wavelength for photoluminescent excitation, excitation spectra were rst obtained by measuring emission at the maximum intensity wavelength. From Fig. 5a it was realized that C1 had a high emission peak at 560 nm aer excitation at 370 nm. The excitation and emission spectra of C1 are shown in Fig. 5b .
Using the Ce(III)-complex as an optical sensor for creatinine
The PL spectra of C1 (1 Â 10 À3 M in distilled water solutions)
were examined versus various concentrations of creatinine (Fig. 5c) . From Fig. 5c , the PL intensities of C1 were highly quenched as the creatinine concentration increased.
Calibration curve and detection limit
The linear correlation graph between the PL intensity of C1 at l em ¼ 560 nm aer excitation at l ex ¼ 370 nm and the creatinine concentration in the range between 2.5 nM to 480 nM is presented in Fig. 5d , and a summary of the regression analysis data is provided in Table S6 (ESI †). The LOD was found to be 1.07 nM, whereas the LOQ was 3.25 nM, with a dynamic line range of 2.5-480 nM. The low LOD value was considered as verication of the extreme sensitivity of the applied approach. The contrast between the analytical performance of the current work and other published methods [26] [27] [28] [29] [30] [31] for creatinine determination is presented in Table 3 . From the comparison evaluation, it can be noted that this method exhibited a fast response time, high sensitivity, high accuracy and precision, good reproducibility, applicability, good recovery and effectiveness, a wider linear range and lower values of LOD and LOQ in comparison with other reports. Also, many of the published methods are more costly, more time-consuming and carried out in several steps.
Selectivity and interference study
The selectivity of the applied optical biosensor based on C1 to creatinine was investigated by observing the impact of the presence of other interfering analytes on the C1 PL intensity as glycine 0.5 mM mL À1 , acetaminophen 100 mg mL À1 , glucose 100 mg dL À1 , and creatinine 100 nM] were considered. From these gures, the intensity of the PL spectrum of C1 isn't affected by these various kinds of interfering analytes. This indicates that C1 is extremely sensitive and enormously selective for creatinine due to the enormous quenching effect even in the presence of numerous competing interfering analytes. The PL quenching histogram of C1 upon the series addition of creatinine with different concentrations is shown in Fig. S10 (ESI †).
Accuracy and precision
The accuracy and the precision of the currently suggested biosensor for creatinine determination were assessed and a summary of the obtained information is provided in Table S7 (ESI †). The present investigation was done at four creatinine concentrations (5.0, 50.0, 100.0, and 250.0 nM). The process of measurement was recorded (3) times on various days and on the same day to examine the reproducibility and repeatability of our work. Based on the obtained 
View Article Online
Application to real samples & recovery study
The current investigation was accomplished to examine the effectiveness, ability, and applicability of C1 to conrm creatinine in various real samples (serum and plasma). The investigation was done by spiking serum or plasma samples with creatinine standard at various concentrations (50.0, 100.0 and 200.0 nM), performing each experiment 3 times, and then the suggested method was applied to determine their creatinine content. The data obtained from the recovery (RE) investigation, including the relative standard deviation (RSD), are provided in Table S8 (ESI †). The results in 
Mechanism of PL quenching
The mechanism of interaction and quenching between the sensing material (Ce-complex) and the quencher (creatinine), was determined by studying the quenching in the PL band intensities of C1 upon systematic addition of creatinine as shown in Fig. 5c . 43, 44 Herein, the Ce-complex acts as the electron donor site and creatinine acts as the electron acceptor site. The lanthanide luminescence behavior is due to the 4f-5d transition rather than the conventional 4f-4f transition, which means that Ce(III) complexes can be used as electroluminescent devices.
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The emission wavelengths can be adjusted by using suitable ligands, 46 so the photocatalytic properties of the cerium(III) complexes are due to their outer-sphere electrons, as observed for homoleptic tris-guanidinate. 47 Herein, the variation in the PL intensity of C1 with increasing creatinine concentration occurs due to the interaction between C1 and creatinine. The observed PL quenching is expected to be due to the electron or energy transfer between the donor site C1 and acceptor site (creatinine) or it may be due to the fast quenching of the excited state of Ce(III), which results from non-radiative relaxation pathways. 48 The energy transfer from the excited state of C1 (as a donor site) to creatinine (as an acceptor site) through nonradiative dipole-dipole coupling is the basic possible mechanism. 49 Furthermore, the FRET mechanism can be described as the quenching mechanism if the distance (R o ) (critical radius/ critical transfer distance) between the donor C1 and acceptor (creatinine) is lower than 10 A. By using the Stern-Völmer equation on the acquired results and from the linear calibration graph in Fig. 5d : where C o is the critical value of creatinine concentration, and R o is the distance between creatinine and C1. Hence, the R o was 1.83 A from the above calculations and so we can conclude that the quenching mechanism is due to the energy transfer between the C1 and creatinine.
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Furthermore, a temperature dependence investigation can determine or predict the quenching mechanism category for any system that may be a dynamic or static mechanism. In the case of a dynamic mechanism, the value of K sv increases as the temperature increases, and for the static mechanism type, the value of K sv decreased as the temperature increased. The SternVölmer graph of the PL quenching of C1 with diverse concentrations of creatinine at several temperatures (298, 300, 303, and 308 K) was plotted. As shown in the Stern-Völmer plot in Fig. 5f , the plot presents effective linearity within the studied concentrations of creatinine. In addition, it was established that the slopes (K sv values) of the C1 plots were directly proportional to the temperature (Table S9 , ESI †), which proves that the quenching mechanism between C1 and creatinine is dynamic.
43,52
Experimental Materials All solvents and chemicals used in this study are analytical reagent grade and were used as received. Isatin (C 11 H 10 ), 2- amino-3-hydroxypyridin (C 5 H 6 N 2 O) and cerium(III)chloride anhydrous CeCl 3 ; 99.9% were purchased from Sigma-Aldrich.
Instruments
The characterization was carried out using different analytical equipment: the eld emission scanning electron microscopy (FE-SEM) images and element mapping by spatially resolved energy dispersive X-ray spectroscopy (EDX) were recorded with a JEOL JSM-6510LV advanced electron microscope with a LAB-6 cathode at 520 keV (JEOL, Japan). The structure of the formed phases was examined by using a high-resolution transmission electron microscope (HR-TEM) with an acceleration voltage up to 200 kV (TEM, JEOL-JEM-2100, Tokyo, Japan). Fourier transform infrared (FT-IR) spectra were recorded on a JASCO FT/ IR-460 spectrophotometer using KBr tablets, at room temperature in the range 400-4000 cm À1 (JASCO, USA). Ultra violetvisible (UV-vis) spectra were obtained for the prepared Schiff base ligand (HL) and metal complex by using a PerkinElmer 550 spectrophotometer in a 1 cm quartz cell in ethanol, over a range of 200-900 nm. Mass spectra of the solid ligand and complex were registered using a Thermo Scientic, ISQ Single Quadrupole MS (Thermo Scientic, USA).
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H-NMR and the 13 C-NMR spectra were acquired in DMSO-d 6 using a Gemini-300 MHz NMR spectrometer (ECA 500 II, JEOL, Japan). Elemental analysis (C, H, and N) was achieved using a Costech (ECS-4010) elemental analyzer (Costech, Italy). The photoluminescence (PL) emission spectra were obtained using a spectrouorophotometer (Shimadzu RF-5301PC, Japan). The samples were investigated at room temperature at a different excitation wavelength and the data analysis was executed by Origin (8) soware.
Procedure
Synthesis of (E)-2-((3-hydroxypyridin-2-yl)imino)indolin-3-one (L1). Schiff base was prepared as follows: isatin (1 mmol, 1.471 g) was dissolved in 30 mL methanol/10 mL DMF and was added to a solution of 2-amino-3-hydroxypyridin (1 mmol, 1.101 g) dissolved in methanol (10 mL) in the presence of four drops of glacial acetic acid (about 200 mL). The resulting mixture was reuxed for 24 hours at 100 C in a closed system. The mixture was le to cool, and the precipitated Schiff base was light green (Scheme 1). The collected precipitate was washed with 20 mL distilled water and 20 mL acetone, and then dried at 100 C, the calculated yield was 78.0%.
Synthesis of cerium(III) complex C1. Cerium chloride anhydrous CeCl 3 (1 mmol, 1.232 g) was dissolved in 10 mL distilled water, and then added to 2 mmol Schiff base L1 as shown in Scheme 1. This system was reuxed for 2 hours, and then the mixture was shied to an autoclave for 72 hours and heated at 130 C. Aer cooling the mixture at room temperature, the precipitate was dark green (Scheme 1). The resulting precipitate was washed with 20 mL of distilled water and then with acetone and dried, and the calculated yield was 70.8%.
Computational methods. The geometry optimizations and all DFT calculations on the Schiff base L1 and its cerium(III) complex C1 were performed using the Gaussian09 suite of programs.
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Photoluminescence study and applications. The Ce(III) complex used in the present study was obtained from a stock solution of C1 dissolved in dimethyl sulfoxide (1 Â 10 À2 M) and was added to a clean 10 mL measuring ask, and then appropriate concentrations (1 Â 10 À9 to 1 Â 10 À3 M) were obtained by dilution to the mark with distilled water. These solutions were used for the subsequent photoluminescence measurements. The photoluminescence intensities were measured at different excitation wavelengths at room temperature. The photoluminescence spectra of C1 (1 Â 10 À3 M) in a distilled water solution with different analytes were recorded for selected excitation wavelengths. To determine creatinine using the Ce(III) complex, the PL spectra of C1 (1 Â 10 À3 M) in distilled water against different concentrations of standard creatinine as described above were recorded. The required concentrations were recently prepared before the measurement step. Also, each concentration was done in a separate step to avoid the carry-over and/or adsorption of this concentration of creatinine on the sample container or cuvette and then the samples were determined at the chosen excitation wavelength. A linear relationship was established between the photoluminescence intensity of Ce-complex C1 at l em ¼ 560 nm and the creatinine concentration in the range between 2.5 and 480 nM. where S is the blank standard deviation of the photoluminescence intensity values, and b is the slope of the calibration graph. Determination of creatinine in real samples. Real serum samples from healthy females and males were supplied from a medical laboratory. Then, blood samples were collected by jugular venipuncture in test tubes and centrifuged immediately for 15 min at 4000 rpm min À1 . The obtained serum samples were stored at À20 C until being assayed for creatinine. The procedure of the PL measurements described above was applied to study the effect of creatinine in the serum samples upon appropriate dilution of the spiked samples (spiking techniques). The measured PL intensities were introduced into the linear portion of the constructed calibration graph obtained with creatinine standard solutions.
Conclusions
A novel optical creatinine approach was suggested by the preparation of a smart sensing material [Ce(III)-isatin Schiff base complex]. The current optical sensor (C1) exhibited fast response time, high sensitivity, high accuracy and precision, good reproducibility, applicability, good recovery and effectiveness to determine creatinine in various real samples (serum/ plasma). This study supplies a suitable approach to develop a new kind of creatinine biosensor with an enormous linear range and lower LOD and LOQ values compared with other published reports. The nature of the interaction and quenching mechanism was also well investigated by using the SternVölmer equation. The results of this study indicated that the energy-transfer was responsible for the quenching of our system and the quenching mechanism between C1 and creatinine was a dynamic type. DFT calculations were executed to investigate the optimized structures of L1 and C1.
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